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ABSTRACT

Glioma, the most common and aggressive type of brain cancer, involves faster
glial proliferation. Increased activity of large conductance calcium and voltage-activated
potassium (BK) channels has been shown to accelerate glial proliferation. Our previous
studies have shown that Acid Sensing Ion Channels (ASICs) inhibit BK current at
physiological pH levels, and that this inhibition can be relieved at acidic pH (Petroff et al,
2008). ASICs can therefore act as endogenous pH-dependent regulators of BK channel
activity. Both normal glia and glioma tissue express BK and ASIC channels. We
hypothesized that ASICs may function as endogenous inhibitors of glial cell growth
through their inhibition of BK channels, and that at a site of trauma or injury, a disruption
of this interaction by an acidic pH environment may lead to increased glial proliferation.
If this is the case, then the growth of ASIC la knockout glia would be pH-independent in
the range of pH 7.0 - 7.4, and the presence of a BK channel blocker, charybdotoxin
(CTx), should decrease cell growth at all pH levels in wild type and knockout glia. Our
data demonstrate that, in both neonatal and wild type glial cells, the proliferation in
culture was increased at pH 7.0 as compared to normal pH conditions (7.4), and that CTx
inhibited glial growth at both pH levels. Adult mouse ASIC la knockout glia exhibited
similar proliferation rates at pH 7.4 and 7.0, and CTx inhibited proliferation to the same
level as in wild type cells. Thus, in the absence of ASIC la, the pH-dependent regulation
of glial growth is lost in ASIC la knockout glia. This work is supported by the NIH
NS070260 grant to EP.
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INTRODUCTION

Glial cells are supporting cells of the central nervous system that do not
participate directly in synaptic interactions and electrical signaling. Their supportive
functions are significant in helping synaptic contacts maintain their signaling abilities.
Glial roles that are well established include facilitating or impeding cellular recovery
from neuronal injury, providing a platform for neuronal development, maintaining the
ionic environment of nerve cells, modulating the rate of nerve signal propagation, and
modulating synaptic action by controlling the uptake of neurotransmitters at or near the
synaptic cleft. The three types of glial cells are astrocytes, oligodendrocytes, and
microglia. Astrocytes are restricted to the central nervous system, and their major
function is to maintain the appropriate chemical environment for neuronal signaling.
Oligodendrocytes, also restricted to the central nervous system, insulate some axons
with a lipid-rich laminate in order to increase the speed of electrical signals. Microglia,
similar to macrophages found in other tissues in the body, are primarily scavenger cells
that remove cellular debris from injury sites or normal cell cycles; microglia also can
secrete signaling molecules that can modulate inflammation and influence cell survival
or death.
The proliferation of glial cells in response to brain damage is an important
defense mechanism. This response is tightly regulated because primary brain glial
tumors in adult humans, called gliomas, can result. As an aggressive form of brain
cancer, gliomas carry a very poor prognosis because of their rapid growth and invasion
migration, making surgical removal untenable1. The average survival rate of patients
with glioblastoma multiforme is on average 12 months, despite aggressive treatments.
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Unfortunately, this prognosis has remained unchanged for the past 30 years ' . Ion
channels may contribute to the invasive behavior of these tumors through their
influence on salt and water movements between intracellular and extracellular
compartments during the shape and volume changes associated with tumor migration
through the extracellular space of brain tissue5. Numerous laboratory studies have
shown that ion channels in glia and other excitable cells are involved in cell
proliferation6'17. Therefore, ion channels in glia and gliomas may contribute to their
malignant behavior, such as their invasive migration and uncontrolled proliferation.
Previous studies have shown that hypoxia, injury, and electroconvulsive seizures result
in extracellular acidification and can stimulate glial proliferation23,18,19. Treating these
tumors requires a fundamental understanding of the cellular mechanisms of glial
growth and proliferation, as well as the identification of novel molecular targets for
pharmacological intervention.
One important ion channel expressed in glial cells is the acid sensing ion
channel (ASIC). As voltage-insensitive cation channels, ASICs are expressed in both
the central and peripheral nervous systems20 23 and are activated by extracellular
protons. Their response can also be modified by several agents. Since their discovery in
198024, further research has asserted that ASICs may play roles in numerous
physiological processes, such as mechanosensation, synaptic plasticity, nociception,
and fear20'23. ASICs have also been implicated in certain pathological conditions such
as multiple sclerosis25 and ischemic stroke26,27. So far, four genes of ASICs have been
cloned that yield the following subunits: ASIC la, -lb, -2a, -2b, and -3 and -422. ASIC
channels are formed from homomultimeric and heteromultimeric combinations of these

e
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subunits; however, it is the homomeric channel composed of ASIC la that is highly
permeable to Ca2+ in contrast to the other homomeric or heteromeric ASICs ' . For
this reason, ASIC la is of particular interest in current research surrounding the study of
the central nervous system. A study of the crystal structure of the chicken ASIC la
revealed that the three subunits (ASIC1, -2, -3) form a channel30. Each individual
subunit of ASIC contains short intracellular N and C termini, two transmembrane
domains, and a large extracellular domain of approximately 370aa (including the 14
conserved cysteines) that exhibit substantial sequence conservation across the
degenerin/epithelial NA+ channel (DEG/ENac) family .
Although ASIC is considered to play a role in modifying neuronal function,
previous research sought to determine this mechanism by focusing on whether or not
the activation of these channels by reduced extracellular pH would cause depolarizing
membrane voltage. Many studies concurred with this assertion

while other results

obtained in mice with disrupted ASIC genes disagreed32,3 ’ . These inconsistent
findings led researchers in one recent study to shift their focus of this question and to
examine another mechanism, namely focusing on the highly conserved amino acid
sequence in ASIC’s extracellular domain (R/K-Y/M-GK*C)36

This extracellular

domain resembles part of the scorpion a-K-toxins that block K channels (R-F/•G-K’C)36,37. In these toxins, the Lys side chain plugs the channel pore, the Arg
interacts with the residues in the outer vestibule of K channels, and the Cys forms a
disulfide bond in order to stabilize the toxin structure37'39. Although the extracellular
domain of ASIC does not completely resemble the scorpion toxin, the study concluded
that the highly conserved sequence in ASICs interact with and inhibit K+ channels.
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They found that ASIC la, in particular, can interact with and inhibit high conductance
Ca2+- and voltage-gated K+ channels, also known as BK, SLOl, or Maxi-K)36.
BKs are ion channels that are ubiquitously expressed among mammalian
tissues, have four a-subunits, conduct K+ through cell membranes, and are activated by
changes in electrical potential. Unlike ASIC la, the BK channel s three dimensional
structure has not yet been solved. Found in neurons40 44, chromaffin cells
hair cells of the cochlea50 54, and smooth55 62 and skeletal
influence

neuronal

excitability,

hormone

secretion,

, inner

muscles, BK channels can
cochlear

cell

tuning,

neurotransmitter release, redox sensing, and smooth muscle tone66'72. Studies have also
confirmed that BK channel expression is common in human gliomas73’74, and in fact,
BK channels are the only significantly expressed type of K+ channel in a glioma cell
membrane75. These findings indicate that BK channels may play a significant
physiological role in gliomas. Further studies indicated that BK channels can be
inhibited by charybdotoxin (CTx) and iberiotoxin (IbTx), as well as other various
scorpion toxins that contain the R-F/--G*K-C motif36. Inhibition of BK channel activity
was found to have the ability to hinder glial proliferation76. Since uncontrolled glial
proliferation can lead to glial cancer, i.e. gliomas, the relationship between BK channel
activity, inhibition of this channel, and glial proliferation may play a role in the
formation and continued sustainability of human gliomas.
The expression of different ASICs has been correlated with different stage
gliomas76. There is mounting evidence that the activation of ASIC la in the brain as a
consequence of stroke can lead to ischemic cell death26. In fact, the number of ASIC
channels in central neurons may have altered responsiveness to acidosis after prolonged
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exposure to an acidic environment77. Protons have been shown to induce a
conformational change in the extracellular domains of ASICs and to activate them 5 .
These extracellular protons can also reduce the effect that ASIC la has in order to
interact with and to inhibit BK36. In turn, BK channels have been shown to affect
ASIC la currents; this research suggests that both channels are in close proximity in
order to affect one another36. The proximity of these channels and ASIC la ’s ability to
interact with and inhibit BK is suggested to be a result of the thumb domain of ASIC
moving and interacting with BK in response to pH changes30. At pH 7.4, ASIC’s thumb
domain is able to interact with BK; however, during extracellular acidosis, or during
ischemic stroke for example, the thumb moves and relieves the block from BK36. Other
studies examined the effect of an extracellular pH change on BK channels and showed
that such acidosis had little effect on these channels when they were expressed
alone79’80.

Interaction between ASIC and BK at normal and acidic pH.
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Since a previous study showed that ASICs can inhibit BK current at
36

physiological pH levels and that this inhibition can be relieved at acidic pH levels ,
ASICs can therefore act as endogenous regulators of BK channel activity. Lowering
extracellular pH in conditions of a stroke, ischemia, and other injury may provide
physiological stimulus to glial proliferation by relieving BK inhibition by ASICs, thus
leading to more active BK, and consequently, to increased glial proliferation. This
model implies that excessive glial proliferation is more likely to originate in a brain that
was previously affected by injury. By a similar mechanism, lower pH inside the later
stage glial tumors81 may lead to further release the ASIC block of BK and result in an
increase of tumor growth and progression. We proposed that ASICs may function as
endogenous inhibitors of glial cell growth through their inhibition of BK channels, and
at a site of trauma or injury, a disruption of this interaction in an acidic pH environment
may lead to increased glial proliferation. We further hypothesized that growth of
ASIC la knockout glia will be pH-independent. The presence of a BK channel blocker
CTx should decrease cell growth at all pH levels in wild type and ASIC (knockout)
glia. With a subsequent peptide experiment, we hypothesized that both wild type and
mutant ASIC la peptides will compete with ASIC la channel for the BK binding site;
that the WT peptide may have no effect on proliferation because of the existing block
from the ASIC present in glial cells; that the mutant peptide may displace ASIC from
BK but will not block BK, thus causing increased cell proliferation; and that at pH 7.0,
cell proliferation should increase regardless of peptide presence.
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MATERIALS AND METHODS

Cell culture
The glial cells (embryonic rat and adult mouse) were acquired from BrainBits, Inc. The
ASIC7' cells (adult rat) were a gift from the laboratory of Dr. Michael J. Welsh
(University of Iowa, Iowa City, IA) and were initially extracted from the rat by Dr.
Huiyu Gong. All glia were plated using the BrainBits protocol. In brief: all of the media
in the original brain tissue tube was removed and replaced with 1.5 mL of Hibernate A
media from Gibco (supplemented with B-27 and Glutamax that increases the cells’
viability during manipulation). The brain tissue was then broken up, the pieces allowed
to disperse for approximately one minute, then all contents of the tube (except the
connective tissue) were transferred to a sterile eppendorf tube to be centrifuged at 1.1
rpm for one minute. All media was then removed from the tube, leaving the pellet of
cells, and then 1 mL of new glia media (containing 90% Neurobasal, 9.5% horse serum,
and 0.5% Glutamax) was added to the tube. Cells and media were mixed together. 10
pL of the cells were pipetted to a separate eppendorf tube and combined with 10 pL of
trypan blue (used to distinguish live cells from dead ones). The cells and trypan blue
were then mixed and placed on a hemocytometer slide for counting with a light
compound microscope set at 40x. Cells counts were calculated, then cells were plated
on 10cm2 Petri dishes at their recommended density of 15 x 103 cells/2 cm2 and with
2.5 mL of media per dish. Cells were placed in incubators with either 7.4 pH (37°C 5%
CO2 ) to mimic the normal brain environment or at 7.0 pH (37°C 10% CO2 ) in order to
mimic acidic conditions. Media was changed for all dishes four days after plating. After
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the cells were plated, they were grown in their respective environments for 4-5 days
and then counted using trypan blue and a hemocytometer.

CTx
CTx was acquired from Calbiochem. Embryonic rat and adult mouse glial cells were
plated according to BrainBits, Inc protocol (also see glia protocol in cell culture section
of Materials and Methods) and were placed in pH 7.4 (37°C 5% CO2 ) and pH 7.0 (37°C
10% CO2) incubated environments. 50nM CTx was added to each of the designated
dishes (in both pH conditions) approximately 5 hours after cells were plated in order to
ensure that the cells were properly stuck to their dishes.

Peptides
The ASIC la synthetic wild type peptide (RYGKS) and the mutant peptide (AYGAS)
were designed by our lab and then synthesized by Sigma. Embryonic rat glial cells were
plated according to BrainBits, Inc protocol (also see glia protocol in cell culture section
of Materials and Methods) and were placed in pH 7.4 (37°C 5% CO2 ) and pH 7.0 (37°C
10% CO2) incubated environments.

50nM of peptide was added to each of the

designated dishes (in both pH conditions) approximately 5 hours after cells were plated
in order to ensure that the cells were properly stuck to their dishes.

Statistical Analysis
Statistical analysis of cell proliferation for all glia cells was conducted by performing
an unpaired t-test and the Standard Error of the Mean (SEM) using an Excel worksheet.
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RESULTS

ASICs are Endogenous Inhibitors of BK at pH 7.4 but Relieve Block in Acidic
Environment. To test the hypothesis that the ASIC-BK interaction in glial cells is

regulated by pH changes within the physiological range, we grew embryonic rat (Fig.
1A-E) and adult wild type mouse (Fig. 2) glial cells in pH 7.4 and pH 7.0 conditions.
Eight dishes each of embryonic and adult wild type glial cells were grown; four dishes
of each were immediately placed in one of the two environments for four days: pH 7.4
to mimic a normal brain environment or pH 7.0 to mimic acidic/ischemic conditions.
After four days, all cells were counted. Since pH 7.4 is considered within the normal
physiological pH range in the brain, these cells were used as the control (Fig. 1A, 1C,
and Fig. 2).
When both embryonic rat and adult mouse wild type glial cells were grown in a
more acidic environment of pH 7.0, cell proliferation increased (Fig. 1C and Fig. 2)
when compared to pH 7.4; these results can be seen qualitatively when comparing Fig.
1A with both Fig. 1C and Fig 2. The quantitative analysis of these two pH conditions in
embryonic glial cells indicate that at pH 7.0 there is on average a 64.3% increase in cell
proliferation (Fig. IE); similar results are seen in the adult wild type glia with the lower
pH representing on average a 65.8% increase in cell proliferation when compared to pH
7.4 (Fig. 2).
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Figure 1 (A-D). Embryonic rat glial cell proliferation after four days at pH 7.4 and 7.0 in presence and
absence of 50nM CTx. (A) Glial cells were grown in pH 7.4 (37°C 5% C 0 2) to mimic a normal brain
environment. (B) Cells were grown at pH 7.4 (37°C 5% C 0 2) but with the addition of 50nM of CTx.
(C) Cells were also grown at pH 7.0 (37°C 10% C 0 2) to mimic acidic /ischemic brain conditions. (D)
Cells were grown at pH 7.0 (37°C 10% C 02) but with the addition of 50nM of CTx.
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Figure IE. Embryonic rat glial cell proliferation after four days at pH 7.4 and 7.0 in presence and
absence of 50nM CTx. (E) Embryonic mouse glial cells were grown for four days in their designated
culture conditions (4 dishes for each condition). An average cell count of 4.5 x 104 cells/ml was
established for glial cells cultured at pH 7.4 (37°C with 5% C 0 2) and 3.0 x 104 cells/ml for pH 7.4 +
CTX. In contrast, the average cell count of glial cells cultured at pH 7.0 (37°C with 10% C 0 2) was 7.0 x
104 cells/ml and 2.5 x 104 cells/ml for pH 7.0 + CTX. Error bars represent SEM, * means significant
difference from control at pH 7.4 in unpaired T-test.

Growth of ASICla7' Glia is pH Independent.

We also hypothesized that the growth of ASICla" glia will be pH independent at both
pH 7.4 and 7.0. We tested this hypothesis by growing adult rat ASIC'7' glia for four
days in both pH conditions; eight dishes of glia were equally divided among each
environment (Fig 2). Our results showed that the glial cell proliferation at pH 7.4 and at
pH 7.0 was within the same range (Fig 2). Without the presence of ASIC in these glial
cells to interact with and inhibit BK in the normal physiological pH range of 7.4, cell
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proliferation increased in these cells, making it comparable to the cell proliferation
level of glia at pH 7.0.

Figure 2. Adult wild type mouse glial cell proliferation at pH 7.4 and 7.0 in presence/absence of CTX.
Adult wild type mouse glial cells were grown for four days in their designated culture conditions (4
dishes for each condition). An average cell count of 36.23 x 104 cells/ml was established for glial cells
cultured at pH 7.4 (37°C with 5% C 0 2) and 21.13 x 104 cells/ml for pH 7.4 + CTX. In contrast, the
average cell count of glial cells cultured at pH 7.0 (37°C with 10% COo, was 55.05 x 10 cells/ml and
25.40 x 104 cells/ml for pH 7.0 + CTX. Error bars represent SEM, * means significant difference from
control at pH 7.4 in unpaired T-test.

Presence of CTx Decreases Cell Growth at All pH Levels in Wild Type and Mutant Glia.

We hypothesized that the presence of a BK channel blocker CTx should decrease cell
growth at all pH levels in rat wild type (embryonic and adult) and ASIC' ' glia. Both
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wild type (embryonic rat and adult mouse) and ASIC ' glia were plated and grown at
pH 7.4 and pH 7.0 for four days. The addition of CTx to the embryonic cells at both
pH’s qualitatively resulted in lower cell proliferation when compared to the samples
without CTx (Fig. IB and ID). Quantitative analysis of both embryonic samples at pH
7.4 and 7.0 represent on average a 40.5% decrease in cell growth, further suggesting
that the addition of CTx to embryonic cells at both pH’s can result in slower cell
proliferation. Similar results were found among the adult mouse wild type cells with a
51% decrease in cell growth (Fig. 2). Quantitative analysis of the adult wild type and
ASIC'7' glia demonstrated similar results: the adult wild type glia with the addition of
CTx represent on average a 40.5% decrease in cell growth (Fig. 2) while the addition of
CTx to the ASIC'7' glia represented on average a 50.78% decrease in cell growth (Fig.
3). Our results indicate that the addition of CTx to glia wild type and mutant cells at
both pH 7.4 and 7.0 decreases cell proliferation in comparison to our controls.
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Figure 3. Adult mouse ASIC la knockout glial cell proliferation at pH 7.4 and 7.0 in presence/absence of
CTX. Adult mouse ASIC la glial cells were grown for four days in their designated culture conditions (4
dishes for each condition). An average cell count of 43.28 x 104 cells/ml was established for glial cells
cultured at pH 7.4 (37°C with 5% C 0 2) and 24.10 x 104 cells/ml for pH 7.4 + CTX. In contrast, the
average cell count of glial cells cultured at pH 7.0 (37°C with 10% C 02) was 48.15 x 104 cells/ml and
22.33 x 104 cells/ml for pH 7.0 + CTX. Error bars represent SEM.

Wild Type and Mutant ASICla Peptides Compete with ASICla for BK Binding Site.

We hypothesized that ASICla peptide (RYGKC) in glial cells would inhibit BK.
Therefore, to test our hypothesis in embryonic rat glia, we designed a synthetic wild
type peptide (RYGKS) that would closely resemble the normally occurring ASICla
peptide (RYGKC), but we changed the Cys to a Ser in order to examine the role of Cys
in facilitating ASICla in creating a block in BK (Fig. 4). We also created a mutant
ASICla peptide (AYGAS) in which we changed the two amino acids that help create
this block (Arginine for Alanine and Lysine for Alanine) (Fig. 4).
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WT A SIC la
WT peptide
Mutant peptide

VFTRYGKCYTFNSG
VFTRYGKSYTFNSG
VFTAYGASYTFNSG

Figure 4. Wild type and mutant peptide sequences.

We used the synthetic wild type and mutant peptide sequences that we designed
(Fig. 4) on embryonic rat glial cells that were plated and grown for five days at pH 7.4
and 7.0. Four dishes were prepared for each condition: control pH 7.4, control pH 7.0,
pH 7.4 + wild type peptide, pH 7.0 + wild type peptide, pH 7.4 + mutant peptide, and
pH 7.0 + mutant peptide. 50nM of peptide was added approximately five hours after
initial plating to designated samples.
Our photographic results of the wild type peptide at pH 7.4 do not show any
significant increase or decrease in cell proliferation (Fig. 5B) as compared to the
control pH 7.4 (Fig. 5A); similarly, there is no significant difference in cell
proliferation between the sample with the wild type peptide at pH 7.0 (Fig. 5E) and the
control pH 7.0 (Fig. 5D). The addition of the mutant peptide, however, shows an
increase in cell proliferation at both pH 7.4 (Fig. 5C) and pH 7.0 (Fig. 5F) when
compared to their controls (Fig. 5A and 5D).
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Figure 5 (A-F). Embryonic rat glia grown in the presence/absence of wild type and mutant peptides. (A)
Glial cells grown at pH 7.4 without addition of peptide, (B) glia grown at pH 7.4 with addition of wild
type peptide, (C) glia grown at pH 7.4 with addition of mutant peptide, (D) glia grown at pH 7.0 without
addition of peptide, (E) glia grown at pH 7.0 with addition of wild type peptide, and (F) glia grown at pH
7.0 with addition of mutant peptide.
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Figure 5G. Embryonic rat glia grown in the presence/absence of wild type and mutant peptides. (G)
Cells were grown for 5 days in their designated culture conditions (4 dishes for each condition). An
average cell count of 76.2 x 104 cell/ml was established for glial cells cultured without the peptide
(control) at pH 7.4 (37°C with 5% C 0 2) and 182 x 104 cells/ml for pH 7.0(37°C with 10% C 02). An
average cell count for glial cells cultured with 50nM of synthetic wild type ASIC la peptide at pH 7.4
was 82 x 104 cells/ml and at pH 7.0 was 182 x 104 cells/ml. For the glial cells with the mutant peptide,
the average cell count for pH 7.4 was 157.5 x 104 cells/ml and for pH 7.0 was 176.75 x 10 cells/ml.
Error bars represent SEM, * means significant difference from control at pH 7.4 in unpaired T-test.

The quantitative results of these samples (Fig. 5G) support our photographic evidence
(Fig. 5A-F): the embryonic glia with addition of the synthetic wild type ASIC la
peptide at pH 7.4 is not significantly different from the control sample grown at pH 7.4
(Fig. 5G). However, all other samples (pH 7.4 + mutant peptide, pH 7.0, pH 7.0 + wild
type peptide, and pH 7.0 + mutant peptide) are all significantly different from the
control sample of pH 7.4 (Fig. 5G). All other samples (pH 7.4 + mutant peptide, pH
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7.0, pH 7.0 + wild type peptide, and pH 7.0 + mutant peptide) also show a significant
increase in cell proliferation in relation to pH 7.4 (Fig. 5G). However, comparing the
mutant peptide samples grown at pH 7.4 with the one grown at pH 7.0 do not show any
significant difference in cell proliferation, and in fact, the samples grown at pH 7.4 +
mutant peptide and all the samples grown at pH 7.0 (without a peptide, with the wild
type peptide, and with the mutant peptide) also do not show any significant difference
among themselves (Fig. 5G). These results suggest that the wild type peptide results in
no significant change in cell proliferation because of the existing ASIC block while the
addition of the mutant peptide displaces ASIC, thus causing an increase in cell
proliferation, even at pH 7.4.

DISCUSSION

Gliomas are an aggressive form of brain cancer that result from uncontrolled
glial cell proliferation. Ion channels in glia have been implicated in numerous previous
studies as being involved in cell proliferation6 17. Therefore, ion channels in glia and
gliomas may contribute to their malignant behavior, such as their invasive migration
and uncontrolled proliferation. Previous studies have also shown that hypoxia, injury,
and electroconvulsive seizures result in extracellular acidification and can stimulate
glial proliferation2,3,18,19. Treating these tumors requires a fundamental understanding
of the cellular mechanisms of glial growth and proliferation, as well as the
identification of novel molecular targets for pharmacological intervention.
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Two specific ion channels that are prevalent in glia and have been suggested to
interact with one another and be linked to cell proliferation are the ASIC and BK
channels. Protons have been shown to induce a conformational change in the
extracellular domains of ASICs and to activate them30,78. These extracellular protons
can also reduce the effect that ASIC la has in order to interact with and to inhibit BK .
The proximity of these channels and ASIC la ’s ability to interact with and inhibit BK is
suggested to be a result of the toxin-like domain of ASIC interacting with BK in
response to pH changes30. Previous data demonstrates that ASIC la interacts with and
inhibits BK channels expressed in HEK293 cells36. The BK inhibition of ASIC la is
pH-dependent, and the pH dose-response clearly shows that at pH 7.0, 35% of the BK
current is restored, whereas the complete dis-inhibition of the BK current can be seen at
pH 6.036. This data suggests that the proposed model of ASIC 1a-dependent regulation
of BK activity in glial cells is valid within the physiological pH range.
Lowering extracellular pH in conditions of a stroke, ischemia, and other injury
may provide physiological stimulus to glial proliferation by relieving BK inhibition by
ASICs, thus leading to more active BK, and consequently, to increased glial
proliferation. This model implies that excessive glial proliferation is more likely to
originate in a brain that was previously affected by injury. By a similar mechanism,
lower pH inside the later stage glial tumors81 may lead to further release the ASIC
block of BK and result in an increase of tumor growth and progression. Since protons
have been shown to induce a conformational change in the extracellular domains of
ASICs and to activate them30,78 and since these extracellular protons can also reduce the
effect that ASIC la has in order to interact with and to inhibit BK in HEK297 cells , we
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tested this ASIC-BK interaction on both embryonic rat and adult mouse wild type glial
cells in order to determine if a similar mechanism could be established. For both
embryonic and adult glia, our results indicate that cell proliferation increases in a more
acidic extracellular environment of pH 7.0, similar to the conditions of ischemia, when
compared to a normal brain environment of pH 7.4. These results confirm previous
studies on HEK297 cells that ASICs may function as endogenous inhibitors of glial cell
growth through their inhibition of BK channels; however, at a site of trauma or injury,
the acidic environment causes a disruption of this interaction and leads to increase glial
proliferation.
Since ASIC is affected by protons and reduced extracellular pH, the absence of
ASIC la in glial cells should support the hypothesis that the growth of ASIC la '' glial
will be pH independent at both pH 7.4 and 7.0. Our results in this second phase of the
experiment, during which we grew ASIC la

glial, indicated that the absence of

ASIC la in these cells allowed increased cell proliferation at both levels. Since ASIC las
were absent in these cells, they were not there to be regulated by changes in pH and
also unable to block BK; ultimately, the absence of ASIC la underscores this channel’s
importance in regulating BK, and in turn, cell proliferation. These results also reaffirm
the role that extracellular acidification plays in relieving ASIC’s block of BK during
trauma and thus causing increased cell proliferation and, in some cases, gliomas.
Inhibition of BK channel activity has been found to have the ability to hinder
glial proliferation76. Therefore, if ASIC is unable to block BK in certain physiological
conditions, is there something else that can act as a substitute? Studies on the BK
channels in HEK297 cells found that these channels can be inhibited by scorpion-like
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toxins such as CTx36. Although extracellular acidosis has been shown to have little
effect on BK channels when they are expressed alone36,79’80, an increase in extracellular
protons has been shown to partially relieve the CTx block on ASIC . Our results on
embryonic and adult wild type and ASIC glia grown in the presence of 50nM of CTx
indicate that the CTx samples decreased cell growth at all pH levels (7.4 and 7.0).
These results suggest that BK channel blockers, like CTx, can block BK even during
extracellular acidification and could act as substitutes for the ASIC block of BK during
conditions of trauma, thereby reducing cell proliferation, and in turn, decreasing the
probability of resulting gliomas.
Since a scorpion-like toxin such as CTx can block BK, what enables ASIC to
block BK under normal physiological conditions? Previous research on ASIC’s
extracellular domain has indicated that its sequence is comprised of the highly
conserved amino acid sequence (R/K-Y/M-G-K-C)36 that resembles part of the scorpion
a-K-toxins that block K+ channels (R-F/--G-K-C)36’37

The Lys side chain in these

toxins plugs the channel pore, the Arg interacts with the residues in the outer vestibule
of K+ channels, and the Cys forms a disulfide bond in order to stabilize the toxin
structure37'39. Although the extracellular domain of ASIC does not completely resemble
the scorpion toxin, the highly conserved sequence in ASICs interacts with and inhibits
K+ channels36. ASICs contain a sequence that is identical to the scorpion toxins
blocking potassium channels, and this sequence is critical for ASICs' inhibition of the
large conductance calcium- and voltage-activated potassium channels (BK) . It was
found that in stably transfected HEK293 cells, the ASIC la peptide inhibition of BK
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was expressed and was reversible and dose-dependent36. Based on these results, we
hypothesized that this ASIC la peptide in glial cells would inhibit BK.
The amino acid sequence in ASIC’s extracellular domain that has been found to
interact with and to inhibit BK contains certain amino acids that are ultimately
responsible for the toxin-like blocking motif, namely the positively charged Arg (R)
and Lys (K) residues. Substituting the Arg and Lys for a neutral Ala (A) or a negatively
charged Glu amino acids was found to greatly reduce ASIC la’s affinity for BK36,83 85.
These results suggest that ASIC physically interacts with BK. In a study that examined
the scorpion-like toxin sequence of CTx—a sequence that is also present in the
extracellular domain of ASIC, they discovered that the Cys formed a disulfide bridge
that can stabilize the toxin structure, allowing Arg and Lys to interact with BK.
Mutating the Cys destabilized the structure and severely reduced CTx’s affinity for
BK38. Since ASIC and CTx contain identical toxin-like domains, it is plausible to
suggest that altering the Cys amino acid in the toxin-like sequence on ASIC would also
lessen ASIC’s ability to interact with and to inhibit BK.
Our results indicate that both the interacting parts of the synthetic wild type
peptide (RYGKS) that closely resembles the normally occurring ASIC la peptide
(RYGKC) and the mutant peptide (AYGAS) would compete with the ASIC la channel
for the BK binding site. The wild type peptide had no significant effect on cell
proliferation because of the existing block from the ASIC present in glial cells.
Previous research in HEK297 cells changed the Cys, Arg, and Lys in the toxin-like
sequence and found that the positively charged residues indeed play a role in inhibition
and that the toxin-like sequence is responsible for ASIC la ’s ability to inhibit BK . In
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our mutant peptide samples, we changed the two amino acids that help create the BK
block (Arginine for Alanine and Lysine for Alanine), and our results showed an
increase in cell proliferation, suggesting that the mutant peptide may have displaced
ASIC from BK but was unable to block the channel, and thus unable to decrease cell
proliferation. These results suggest that the positively charged residues in the toxin-like
sequence play a role in ASIC la ’s ability to block BK. On the flip side, the mutant
peptide could be used to induce glial proliferation in the absence of other biological
signals.
However, at pH 7.0, our data indicated an increase in cell proliferation,
regardless of peptide presence. In the samples grown at pH 7.0 + mutant peptide, the
peptide was unable to block BK at either pH level. Although the wild type peptide
showed regulated cell proliferation at normal physiological brain pH 7.4, the increased
cell proliferation of samples with the wild type peptide grown at pH 7.0 were unable to
block BK and thus unable to decrease cell proliferation. This data underscores the
importance of the Cys forming a disulfide bond to stabilize the structure and enable the
peptide to block BK.
Our data further support the premise that BK and ASIC are important in the
regulation of glial proliferation and in further understanding gliomas and how to treat
them. Specifically, our data suggest that the growth of glial cells is pH dependent, that
CTx can inhibit glial growth at different pH levels, and that the growth of glial cells can
be inhibited by the ASIC la peptide. In order to confirm that the toxin-like domain of
ASIC la is in fact a blocker of the BK channel, and that this mechanism of inhibition is
because of an obstruction of the ion conduction pathway, our future studies will test if
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the inhibition of BK by ASIC la is voltage-dependent in the presence of intracellular
K+. Whole cell patch clamp experiments will be performed using BK and ASIC la
channels expressed in glial cells. The voltage-dependence of the BK current in the
presence of ASIC la should be determined at both normal and low internal K+ levels.
Ultimately the goal is to understand the molecular and biophysical mechanism involved
in the ASICla-BK interaction so that a novel target for drug intervention can be help
develop new agents based on the ASIC channel structure and that treating patients
diagnosed with gliomas can carry a much better prognosis.
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